Abstract
applied to the cutaneous pectoris muscle of the frog, and the effects on the postsynaptic response to acetylcholine were examined. Conotoxin GI reversibly blocked nerve-evoked mucle contractions at concentrations greater than or equal to 3 to 4 PM. Micromolar concentrations of conotoxin GI significantly reduced the amplitude of miniature endplate potentials and membrane depolarizations produced by ionophoretic application of acetylcholine, suggesting that the toxin reduced the postsynaptic sensitivity to acetylcholine. The reduction in the sensitivity of the muscle to acetylcholine was not due to changes in muscle fiber resting membrane potential or input resistance. Conotoxin GI reduced the amplitudes but did not affect the rates of decay of focal, extracellularly recorded endplate currents or miniature endplate currents, suggesting that the toxin did not affect the lifetime of ion channels opened by acetylcholine.
Miniature endplate currents decay five to six times more slowly than normal when acetylcholinesterase is blocked with neostigmine methyl sulfate due to repeated binding of acetylcholine to receptors as it diffuses from the synaptic cleft. Conotoxin GI reduced the amplitude and increased the rate of decay of miniature endplate currents recorded in the presence of neostigmine methyl sulfate, suggesting that the toxin reduced the binding of acetylcholine to endplate receptors. These results are consistent with the hypothesis that conotoxin GI blocks neuromuscular transmission at the frog endplate by reducing the binding of acetylcholine to receptors.
Conus geographus is a marine snail with a well developed venom apparatus that it uses both defensively and in preying on small fish. The crude venom of C. geogruphus is lethal to most vertebrates and causes death by flaccid paralysis and respiratory failure (Endean et al., 1974; Cruz et al., 1978) . The crude venom blocks endplate and miniature endplate potentials (MEPPs), and the response of skeletal muscle to acetylcholine (ACh), carbachol, and direct electrical stimulation (Spence et al., 1978; McManus, 0. B. and Musick, J. R., unpublished observations) .
Two toxic peptides (conotoxins GI and GII) contained in the crude venom have been purified and characterized (Cruz et al., 1978; Gray et al., 1981; Luque, 1983 of conotoxins GI and GII was shown to block neuromuscular transmission, most likely at a postsynaptic site (McManus et al., 1981) . The purpose of this study is to investigate the postsynaptic effects of a pure, synthetic form of conotoxin GI whose amino acid sequence is: Glu-Cys-Cys-Asn-Pro-Ala-CysGly-Arg-His-Tyr-Ser-Cys-NH2 (Gray et al., 1981) . Conotoxin GI is found to block the response of skeletal muscle to acetylcholine, most likely by decreasing the binding of ACh to its receptor. 
Materials and Methods

Results
Conotoxin GI blocks nerve-evoked muscle contractions. Conotoxin GI (3 to 4 pM) blocked nerve-evoked contractions of the frog cutaneous pectoris muscle. This was determined by stimulating the nerve supramaximally while steadily increasing the toxin concentration in the bath until muscle contractions ceased. Paralysis was reversed after a washout of 10 min or less. Under similar conditions, curare blocked nerve-evoked muscle contractions at 6 pM. Conotoxin GI is thus slightly more potent than curare in blocking neuromuscular transmission in frog muscle. In contrast, conotoxin GI was roughly 10 times more potent than curare in blockage of nerve-evoked contractions of the mouse diaphragm.
Conotoxin GI blocked mouse diaphragm contractions at 0.2 to 0.4 pM, while approximately 2 pM curare was required (McManus et al., 1981) . Thus, the frog neuromuscular junction was more resistant to block by both conotoxin GI and curare than the mouse neuromuscular junction, but this resistance was greater for conotoxin GI.
Conotoxin GI reduces the amplitude of ionophoretic potentials and miniature endplate potentials. The effect of conotoxin GI on depolarizations produced by ionophoretic application of ACh is shown in Figure 1 . An ionophoretic potential and the current throu'gh the ionophoretic electrode under control conditions are shown in A. B shows an ionophoretic potential from the same cell 15 min after injection of conotoxin GI into the bath; final toxin concentration was approximately 1 pM. The amplitude of the ionophoretic potentials was reduced by 64% from 1.35 + 0.02 mV (n = 11 measurements) in control to 0.48 + 0.03 mV (n = 5) in the presence of toxin. The average elapsed time between the ionophoretic current pulse and the peak of the ionophoretic potential was 0.41 f 0.01 set both in the control and in the presence of toxin. Because the time to peak of an ionophoretic potential is related to the distance between the ionophoretic electrode and the endplate (Del Castillo and Katz, 1955; Dreyer and Pepper, 1974) 0.02 mV (n = 61) in control to 0.32 f 0.01 mV (n = 90) in the presence of toxin. Similar effects were observed in seven other experiments.
These results suggest that conotoxin GI has a postsynaptic effect at the frog endplate. An increase in the frequence of MEPPs in the presence of conotoxin GI can be seen in Fig. 1B . This effect was often, though not always, observed after exposure to conotoxin GI, despite a substantial reduction in MEPP amplitude. Ionophoretic potentials were reduced to a greater degree than were MEPPs in the experiment shown in Fig phoretic potentials ( Figs. 1 and 2 ). These effects might be secondary to a reduction in muscle fiber input resistance caused by the toxin. To test this possibility, the input resistance of individual muscle fibers was measured in the absence and presence of conotoxin GI. Figure 3 shows the effects of conotoxin GI on input resistance and MEPP amplitude recorded in the same muscle fiber. A1 and A2 show membrane depolarization caused by injection of 1 nA of current and MEPPs recorded in the absence of toxin, respectively. B, and Bz show similar recordings 10 min after applying sufficient toxin to block nerve-evoked muscle contractions (approximately 4 PM). The amplitude and time course of the electrotonic potential recorded in the presence of conotoxin GI are identical to control, while the MEPP amplitude is reduced by 37% in the presence of toxin. In eight experiments of this type, the average input resistance in control was 1.64 + 0.34 megaohms, while in the presence of conotoxin GI it was 1.62 + 0.32 megaohms. These results suggest that the reduction in MEPP amplitudes by micromolar concentrations of conotoxin GI was not due to changes in muscle fiber input resistance.
Conotoxin GI reduces the amplitude with little effect on rate of decay of MEPCs and EPCs. These experiments examined whether conotoxin GI blocks the response to ACh at the frog endplate by reducing the effective lifetime of ion channels opened by ACh. The rate of decay of focal MEPCs and EPCs was measured in normal bathing solution and in the presence of conotoxin GI, while recording from the same location. EPCs and MEPCs decay according to a single exponential time course with a slope that represents the effective rate of closing of ion channels opened by ACh (Magleby and Stevens, 1972; Anderson and Stevens, 1973; and see Colquhoun and Sakmann, 1981) . If the toxin changes the effective open time of Ach ion channels, then the rate of decay of the EPCs and MEPCs should reflect this change. Figure 4 shows the effect of conotoxin GI on focal extracellular MEPCs. Signals are shown while recording in normal bathing solution (A), after 7 min in the presence of approximately 1.2 pM conotoxin GI (B), and 15 min after washout of the toxin (C). Figure 5A shows superimposed averages of MEPCs from the same experiment before, during (smallest signal), and after (largest signal) exposure to toxin. The amplitudes and time courses of the averaged signals are similar to the individual signals while the noise is reduced. These signals show that conotoxin GI caused a reversible reduction in the amplitude of MEPCs (34%) with little apparent effect on rate of decay of MEPCs.
The change in the amplitude of the averaged MEPCs probably underestimates the actual reduction because subthreshold MEPCs are excluded from the averaged signals. Figure 5B shows the averaged MEPCs from Figure 5A plotted semilogarithmically against time. MEPCs in control and in the presence of toxin decayed as a single exponential with similar slopes. The time constant of decay was 1.38 msec in control and 1.32 msec in the presence of toxin. In five experiments of this type, the toxin decreased MEPC amplitude by 32 f 6% while the time constant of decay was 1.23 + 0.09 msec under control conditions and 1.19 f 0.07 msec in the presence of toxin (not significantly different). Similarly, conotoxin GI reduced the amplitudes, but had little effect of the rates of decay of endplate currents (data now shown). In separate experiments, procaine (1O-5 gm/ml) was found to reduce the rate of decay of EPCs and MEPCs indicating that changes in the rate of decay would have been observed in the averaged data. These results suggest that concentrations of conotoxin GI that significantly reduced the amplitudes of EPCs and MEPCs had no apparent effect on their rates of decay.
Conotoxin GI reduces the amplitude and time constant of decay of MEPCs recorded with AChE blocked. When acetylcholinesterase (AChE) is inhibited, the decay of endplate currents is prolonged (Takeuchi and Takeuchi, 1959; Kordas, 1969 Kordas, ,1977 Magleby and Stevens, 1972; Katz and Miledi, 1973; Magleby and Terrar, 1975) . In this case, the rate of EPC decay does not directly reflect the effective rate of closing of ion channels opened by ACh, but is governed by the rate of delayed diffusion of ACh out of the snyaptic cleft (Katz and Miledi, 1973) . The delayed diffusion of ACh out of the synaptic cleft in the presence of an anticholinesterase results from repeated binding of ACh to receptors along the diffusion path; drugs that reduce binding of ACh to receptors increase the rate of diffusion of ACh from the snyaptic cleft, and thus increase the rate of decay of the prolonged endplate currents in the presence of an anticholinesterace (Katz and Miledi, 1973; Magleby and Terrar, 1975; Colquhoun et al., 1977; Kordas, 1977) . If conotoxin GI reduces binding of ACh to its receptor, then conotoxin GI should also speed up the decay of endplate currents prolonged by an anticholinesterase.
The following section tests this possibility. Figure 6 shows that conotoxin GI reversibly reduced both the amplitude and time constant of decay of MEPCs recorded in the presence of 3 pM neostigmine methyl sulfate. This concentration of neostigmine has no measurable effect on channel lifetime in this preparation (Katz and Miledi, 1973) . Computer averages of 10 to 15 MEPCs from control conditions, 5 min after exposure to approximately 1 pM conotoxin GI (smaller signal), and 30 min after washout of the toxin are shown in Figure 6A . The control and washout signals superimpose, but in the presence of conotoxin GI, the MEPC amplitude was reduced by one-third and the rate of decay was increased by just over one-third.
This reduction in MEPC amplitude is similar to the reduction in amplitude caused by the toxin in the absence of neostigmine.
The averaged MEPCs are plotted semilogarithmically against time in Figure 6B . The control MEPC was fit by an exponential with a time constant of 6.41 msec (0). In the presence of toxin, the time constant of decay was reduced to 3.89 msec (0). After washout of toxin, the time constant of decay returned to 6.50 msec (a). In this experiment, conotoxin GI caused a 39% decrease in the time constant of decay and a 34% decrease in the amplitude of MEPCs. Figure 7 shows averaged MEPCs recorded in 6 pM neostigmine at different levels of block by conotoxin GI. Control signals are shown as the largest averaged signal in 7A and as the filled circles plotted semilogarithmically against time in 7B. The control time constant of decay was 5.83 msec. To illustrate the dose dependence of these effects, MEPCs are shown in the presence of two different concentrations of conotoxin GI. At the lower concentration, MEPC amplitude was reduced by 42% and the time constant of decay was reduced by 32% (a). At the higher concentration, the amplitude was reduced by 54% and the time constant of decay was reduced by 40% (0). These results suggest that the amplitude and time constant of decay of MEPCs recorded in the presence of neostigmine are reduced by increasing concentrations of conotoxin GI. In seven experiments done in the presence of an anticholinesterase, conotoxin GI consistently reduced both the amplitude and time constant of decay of MEPCs. The average reduction in amplitude was 26 + 7%. The average time constant of decay declined by 36 + 3% (p < 0.005 compared to control).
When AChE was blocked by the irreversible inhibitor methane sulfonyl fluoride (Kitz and Wilson, 1963; Kordas, 1977) or by a lo-fold excess of neostigmine, conotoxin GI similarly decreased the amplitude and time constant of decay of MEPCs (data not shown). The effects of the toxin are thus not due to a reversal of the AChE block.
Figures 6B and 7B show that MEPCs recorded in the presence of neostigmine decay approximately exponentially, but this rate is slower soon after the peak. This small difference was consistently seen in eight experiments and was also seen in the decay of EPCs recorded by Magleby and Terrar (1975) , which they attributed to a positive cooperative effect between binding sites for ACh. Near the peak of the EPC the concentration of ACh in the cleft and the apparent binding affinity will be higher, so as a result, the rate of diffusion of ACh will be slower. Katz and Miledi (1973) suggested that the fraction of ACh bound during a MEPC recorded in the presence of an anticholinesterase can be calculated by: p = (T~,,~ -T&/T,,, -mtox) where rcon is the time constant of decay seen in control, 7toX is the time constant in toxin, and a! is the ratio of toxin to control amplitudes.
In five experiments using conotoxin GI, p = 0.67 f 0.05. This is similar to the p value of 0.66 found by Katz and Miledi (1973) 
Discussion
An earlier study (McManus et al., 1981) suggested that a mixture of conotoxins GI and GII blocked neuromuscular transmission, most likely at a postsynaptic site. The purpose of the present study was to examine the effects of conotoxin GI on the postsynaptic response to ACh at the frog endplate. The amplitudes of both ionophoretic potentials and MEPPs were reduced by conotoxin GI, suggesting that the toxin reduced the sensitivity of the postsynaptic membrane to ACh. This reduction in sensitivity was not due to changes in muscle fibre resting membrane potential or input resistance.
If the toxin reduced the number of free ACh receptors, the amplitude of ionophoretic potentials might be expected to decrease in proportion to reductions in MEPP amplitude. However, the results in Figure 2 show that ionophoretic potentials were reduced to a greater degree than were MEPPs. Similar observations were made by Pennefather and Quastel (1981) while blocking Ach receptors with curare. They could explain their results by assuming that, when some of the receptors are blocked by a competitive antagonist, the fraction of ionophoretically applied ACh that is bound to receptors is reduced in proportion to the fraction of the blocked receptors. However, neurally released ACh simply diffuses further before binding to receptors, and the fraction of ACh that is bound to receptors is not changed to the degree expected. 
